In Brief
Optogenetics provides powerful capabilities for linking circuit function to the sophisticated behaviors that are commonly studied in nonhuman primates (NHPs). Yazdan-Shahmorad et al. introduce a novel optogenetic interface for NHPs that enables stable, large-scale stimulation and recording across cortical areas.
INTRODUCTION
Optogenetics is a powerful tool for relating brain function to behavior, as it enables cell-type-specific manipulation of neurons with millisecond temporal precision (Boyden et al., 2005; Yizhar et al., 2011a) and artifact-free neural recordings. Such capabilities could be particularly powerful for linking large-scale circuit function to the sophisticated behaviors that are commonly studied in nonhuman primates (NHPs) . While the use of optogenetics in NHPs has grown rapidly in recent years (Han et al., 2009 (Han et al., , 2011 Diester et al., 2011; Cavanaugh et al., 2012; Gerits et al., 2012; Han, 2012; Jazayeri et al., 2012; Ohayon et al., 2013; Ruiz et al., 2013; Dai et al., 2014; Afraz et al., 2015; Nassi et al., 2015) , addressing this goal requires the ability to perform large-scale manipulation and recording. Systems to achieve this have become widely used in other animal models, in particular mice (Chan et al., 2010; Bernstein and Boyden, 2011; Anikeeva et al., 2012; Portugues et al., 2013; Wu et al., 2013; Richner et al., 2014) , but they have not yet been reported for the NHPs. The key challenges for designing a large-scale optogenetic interface for NHPs are obtaining high levels of optogenetic expression across regions of cortex that can span square centimeters and performing combined optical stimulation and neurophysiological recordings across these same large areas stably over long periods of time. Here we present a system for cortical optogenetics in NHPs that addresses these challenges.
The first key challenge described above is to efficiently obtain reliable and consistent transduction levels across a large cortical area. Viral delivery remains the best option for genetically intractable species (Han et al., 2009; Diester et al., 2011; Han, 2012; Ruiz et al., 2013) . To cover a large region of the NHP brain, conventional viral injection techniques require multiple small-volume injections. This is a time-consuming approach, and it relies on diffusion of the viral vector from the injection site, which leads to highly variable density of viral vector over the region. Instead, we employed a convection-enhanced delivery (CED) technique developed for drug delivery and gene therapy (Bobo et al., 1994; Lieberman et al., 1995; Lonser et al., 1998b; Szerlip et al., 2007; Fiandaca et al., 2008; Kells et al., 2009 ). Here, convection refers to the transport of a vector through the interstitial cerebrospinal fluid through a combination of diffusion and advection (bulk fluid flow). In CED, relatively large volumes (50 ml per site) are infused with sufficient pressure to drive advection and hence achieve a wider and more even distribution of the vector.
The second key challenge is to perform daily recordings from large regions of cortex while maintaining optical access for stimulation. Most current systems for combined stimulation and recording rely on the use of ''optrodes,'' penetrating electrodes combined with optical fibers, which restrict the number of simultaneous stimulation and recording sites (Gerits et al., 2012; Jazayeri et al., 2012; Ozden et al., 2013) . While optrodes can be moved daily, repeated penetration of relatively large-diameter optrodes will damage tissue and degrade local circuits (Gerits et al., 2012) . To allow for stable stimulation at many sites-albeit with less spatial resolution than can be achieved with an optrode-we used a transparent silicone artificial dura (Bonhoeffer et al., 1995; Arieli et al., 2002; Chen et al., 2005; Ruiz et al., 2013) in combination with micro-electrocorticographic (mECoG) arrays. The artificial dura preserves optical access to the brain following infusion, allowing the user to track opsin expression via epifluorescence imaging and to target light delivery widely across the region of expression (Ruiz et al., 2013) . The mECoG array allows for large-scale cortical recording with minimal optical attenuation (Park et al., 2014; Richner et al., 2014; Ledochowitsch et al., 2015) .
In this paper, we show how the three existing technologies described above-CED of viral vectors, an artificial dura, and mECoG recordings-can be combined into a practical and powerful large-scale interface for stimulation and recording. We then demonstrate the potential of this system with two examples that examine circuit dynamics and large-scale connectivity in primate primary somatosensory (S1) and motor (M1) cortices.
RESULTS

Large-Scale Optogenetics in NHP Cortex
Using CED cortical infusion, we obtained optogenetic expression across large areas of S1 and M1 cortices. Injections were verified with real-time MRI images, and expression was initially verified with surface epifluorescence imaging.
MRI-Guided CED
We performed large-scale infusions of AAV5-CamKIIa-C1V1-EYFP viral vector into S1 and M1 of two rhesus macaque monkeys using CED. These infusions, and the required surgical procedures, were performed during a single session with the animal under anesthesia, using techniques developed by Bankiewicz and colleagues (Krauze et al., 2005; Kells et al., 2009 (E and F) MRI surface rendering of the cortical surface below the cylinder for monkeys G (E) and J (F). The S1 infusion locations are shown in blue, M1 locations in red.
(G) Spread of the viral vector in coronal sections of monkey G for one injection site in S1 (shown with an arrow in E). online). Guided by presurgical MR images, a 25 mm craniotomy and durotomy were made over the central sulcus, spanning M1 and S1, and the cylinder was secured over the craniotomy (see Experimental Procedures for more details). Viral infusions were then performed in the MR scanner, allowing precise targeting and online monitoring of the infusions. For monkey G a fixed cannula grid allowed access to both M1 and S1 ( Figures 1A and 1B) ; for monkey J the cylinder was modified so that the cannula grid could rotate to access a larger fraction of the cylinder ( Figure S1D and S1E and Data S1, injection_cylinder_outside_J.ipt and injection_cylinder_inside.ipt). Injections were made using a refluxresistant cannula ( Figure 1D ) (Krauze et al., 2005) inserted approximately 2 mm below the pia mater. The grid was filled with saline and visualized with a T2 image, and the top of the grid was marked with a vitamin E capsule. For each target site, the best grid hole and the target depth were determined by inspection of both T1 and T2 images. We infused the virus into four sites in monkey G (two sites in S1 and two sites in M1; Figure 1E ) and five sites in monkey J (three sites in S1 and two sites in M1; Figure 1F ) in the left hemisphere. Coinfusion of a gadolinium-based MR contrast agent allowed us to monitor the spread of the virus via real-time MR images and to plan subsequent injection sites. Due to time constraints, the M1 infusions in monkey G were performed outside the MR scanner, precluding real-time MR monitoring. Figure 1G shows flash T1-weighted images taken over a 21 min infusion of 50 ml of viral vector in S1 of monkey G (site indicated with arrow in Figure 1E ). The vector spread to an approximately 5 mm diameter region around the infusion site, including both gray and white matter (see also Figure S2 ). Images for all infusions are shown in Figure 2 . Figure 2B plots the distribution volume (Vd) estimated from the MR images as a function of the running total infusion volume (Vi). These plots show a linear relationship between Vd and Vi, suggesting a constant rate of convection from the infusion sites, with a slope in range of 3. We estimate a total coverage of 317 mm 3 in S1 of monkey G and 233 and 433 mm 3 in M1 and S1, respectively, of monkey J. MR-guided injections also allow the user to determine when injections have missed their target. During one M1 injection in monkey J, real-time imaging showed that the infusate was not spreading as expected within cortex, so we stopped the infusion early. A post hoc 3D analysis of the MR images showed that the vector had spread along the surface of the brain ( Figure S3 ), indicating that the cannula was not placed at a sufficient depth. A lack of expression around this site was confirmed with surface epifluorescence imaging and histological analysis, as described below (note the same vector solution was used for all infusions in that session). Artificial Dura for Maintenance of Optical Access Following infusion, we replaced the MR-compatible cylinder with a titanium chamber and then placed an artificial dura within the chamber (Figure 3 ). Chambers were custom designed for each animal, with the base matching the curvature of the skull ( Figure 3A) , and 3D printed with sintered titanium (i.materialize). Artificial dura was produced and implanted following the techniques of Ruiz et al. (2013) . The artificial dura was custom molded to fit inside the cylinder, with a base flange extending beyond the cylinder and placed under the margin of the dura mater to slow dura regrowth ( Figures  3B-3E and S4A) .
The artificial dura, when left in place and cleaned regularly (see Experimental Procedures), allows for optical access to the cortical surface for up to several months without further intervention ( Figure 4A ). As reported previously (Arieli et al., 2002; Chen et al., 2005; Ruiz et al., 2013) , we eventually see growth of a neomembrane beneath the artificial dura, which becomes increasingly opaque over time ( Figure S4B ). Once the neomembrane was fully opaque and covered the craniotomy, it was removed. The interval between these procedures varied from 1 to 4 months. However, on one occasion for monkey G, opaque tissue growth was seen within 10 days of neomembrane removal; accelerated neomembrane growth appears to have been caused by the chronic presence of the mECoG arrays that occurred during a pilot study for testing the chronic implantation of these arrays . More generally, growth appears to be accelerated by mechanical interaction with the tissue; for example, by daily implantation of the mECoG arrays or by allowing the artificial dura to rotate during cleaning.
Epifluorescence Imaging
We monitored optogenetic expression by surface epifluorescence imaging of the fluorescent reporter (EYFP) through the artificial dura (Diester et al., 2011; Ruiz et al., 2013) . The images reveal large areas of expression across S1 and M1 for both monkeys at about 3 months postinjection ( Figure 4B ). From these images, we estimated expression across at least 130 and 140 mm 2 of the cortical surface in monkeys G and J, respectively.
The expression patterns are generally consistent with both the sites of injection and the MR-estimated spread of viral vector ( Figure 4B ), but there are exceptions for both monkeys. No local expression was observed for the more lateral injection site in M1 for monkey G. The reason for this failure is not known, since the M1 infusions for monkey G were not performed in the MRI, but it is likely the injection failed due to cannula placement that was either too shallow or too deep. Similarly, as discussed above, for one M1 injection in monkey J, the cannula was too shallow to deliver vector to cortex ( Figure S3 ). These failed injections highlight the importance of using real-time MR images during infusion. Histological Analysis Monkey G was sacrificed 27 months postinfusion, and a histological analysis of the cortical tissue was performed (see Experimental Procedures). Using immunohistochemistry, we observed large regions of EYFP-reporter expression in both S1 and M1, covering approximately 2 cm 2 of the cortical surface and extending beyond the cylinder ( Figure 5 ). The numerous cell bodies with prominent apical dendrites (Figures 5D and 5E) indicate that expression is predominately in pyramidal cells, as expected with the use of the CamKIIa promoter (Nassi et al., 2015) , although we cannot exclude expression in other cell types. We compared the extent of EYFP-reporter expression with both the region of epifluorescence and the MR-based region of vector spread ( Figure 5F ). The two measures of EYFP expression yielded highly overlapping results. Both of these extend beyond the MR estimate of vector spread, presumably due to the diffusion of viral particles beyond the region of advection. The failure of the more-lateral injection in M1 was also confirmed by the histology. We next analyzed the tissue to evaluate the safety of the CED procedure. Using immunohistochemistry, we observed three marked gaps in EFYP expression, at locations matching the three successful infusion sites (see example in Figure S5B ). Nissl stain at the center of the gap also shows a dense and highly localized patch of gliosis approximately 100 mm in diameter (Figure S5C) that was traced through to the white matter, providing further evidence that these correspond to the infusion sites. These gaps in reporter expression are consistent with the presence of a postinfusion lesion spanning roughly the size of the cannula, as seen previously with standard diffusion-based viral delivery (Jazayeri et al., 2012) . We next examined regions of high EYFP expression outside the cannula track for tissue damage that could have been caused by either fluid pressure during the CED infusion or by high post-CED concentration of viral particles. We found no obvious pathology when comparing such regions with sites more distant from the injections that had low or no EYFP expression (see examples in Figure S5D ).
While the CED does not appear to cause cortical-tissue damage beyond the cannula track, the extended use of artificial dura does. Cortical sections revealed thinning and flattening of cortex across the entire area of the craniotomy ( Figures 5C, S5B , and S5E). Importantly, this thinning did not correlate with density of viral EYFP expression; thinning also occurred in areas without EYFP (not shown), and no thinning was observed in adjacent cortical sulci that have high levels of EYFP expression but were not exposed to the artificial dura ( Figures 5C and S5B) . We conclude that thinning is due to the artificial dura and/or to repeated dura resections (10 in the 27 months postinfusion). Additionally, gross examination of the postmortem brain surface showed tissue malformation at locations beneath the flanges of the cylinder ( Figure S5E ), likely due to tissue proliferation at the boundary between the intact dura mater and the artificial dura. Both cortical thinning and tissue malformations have been reported previously, 4 months after initial implantation of artificial dura (Chen et al., 2002) .
Large-Scale Recording during Optogenetic Stimulation
We performed combined optical stimulation and recording experiments on both monkeys. Recordings were made using custom 96-channel mECoG arrays (fabricated in house; now commercially available through Cortera Neurotechnologies, Inc.) ( Figures 6A-6C ). The arrays consist of lithographically patterned platinum-gold-platinum features encapsulated in Parylene-C (Ledochowitsch et al., 2011a (Ledochowitsch et al., , 2011b . The arrays were largely transparent; the design kept more than 90% of the surface area of the array free of metal features, and Parylene-C is more than 90% transparent for the relevant wavelengths (Ledocho- witsch et al., 2011b). Each array covered 92 mm 2 (7.7 3 12 mm), so that one or two arrays were needed to cover most of the viral-expressing region. Long integrated cables (2 cm) enabled easy placement into the chamber. During each recording session, we removed the artificial dura and placed one or two arrays in the chamber, spanning S1 and M1 ( Figures  6B, 6C , S6A, and S6B). We then positioned the fiber optic on top of the array using our custom-made stimulation setup (YazdanShahmorad et al., 2015) ( Figure S6C ). With this setup, we observed reliable light-evoked activity in both areas from both monkeys, about 3 months postinfusion (94 days for monkey G and 77 days for monkey J), which was the earliest we tested. Figures 6D and 6E show example stimulus-evoked activity from both S1 and M1 in each monkey, in response to 1 ms pulses of 20-22 mW, 488 nm laser light, applied at 10 Hz. The waveforms are high-gamma-band (60-200 Hz) filtered, which appears to reflect underlying multiunit neural activity (Crone et al., 2006; Ray et al., 2008; Yazdan-Shahmorad et al., 2013) . The mECoG array allows us to readily map the spatial distribution of these stimulus-triggered responses across the cortical surface; examples of the distribution of high-gamma-band power across the array after M1 stimulation are shown in the pseudocolor maps in the lower left panels of Figures 6D and 6E .
The stimulus-triggered responses are highly reliable, as illustrated by the examples in Figure 6F . Such reliability was observed for all of the experiments we performed over a 25 month period for monkey G and over a 1 month period for monkey J: when a stimulation-evoked response was seen, it was present for all simulation events, and the responses all had the same general shape.
Example Applications for Studying Large-Scale Cortical Circuits We provide two examples of how this interface can be used to study large-scale circuit dynamics and connectivity in the NHP. Example 1: Spatiotemporal Response Depends on Stimulus Waveform, Despite Fixed Total Energy In the first example application, we used our interface to map the spatiotemporal response within a cortical area to parametric changes in the stimulus. We stimulated focally in M1 while recording from an array that spanned S1 and M1 (see Figures  6B and 6D ). As shown in Figure 7 , we stimulated with 1 s of constant-power illumination (left column) and 1 s of rectified sinusoidal illumination patterns, with frequencies between 3 and 50 Hz (remaining columns), all in a single session. With fixed peak power across stimuli, the sinusoidal stimuli all had the same total energy, which was factor of p smaller than for the constant stimulus. Figures 7A and 7B show the stimulus-evoked responses recorded at a single mECoG electrode near the stimulation site and band-pass filtered in the high-gamma band (60-200 Hz). While responses were observed for all stimulation patterns, they were less variable across repetitions for the high-frequency stimuli than for the constant and low-frequency stimuli (compare mean, black line, to data spread, gray, in Figures 7A and 7B ). There are two reasons for this difference. First, comparison of response to the first pulse of each train ( Figure 7C) shows that the steeper onset slopes of the higher-frequency stimuli drive a larger and more repeatable response than shallow slopes of the low-frequency stimuli. Second, during the relatively longlasting depolarization (Yizhar et al., 2011b) in low-frequency trials, firing of local units becomes desynchronized, leading to a smaller and more variable high-gamma response. Both of these effects are seen in the constant stimulus ( Figure 7B, left plot) , where the sharp onset leads to a large, low-variance initial net response, which then desynchronizes over the next 20-30 ms. The relationship between stimulus shape and response also varies across response-frequency bands, as can be seen by comparing the spatial maps of response power in the gamma (30-60 Hz) and high-gamma bands ( Figure 7D ). While both bands show increasing power with increasing sinusoidal pulse frequency, the rise is steeper in the gamma band, which also shows little response to constant stimuli (left panel), suggesting that the gamma-band response is more selective to stimulus shape.
These results show that the network response is strongly dependent on stimulus waveform shape and not just a linear function of input power. This can be compared to Histed and Maunsell (2014) , who observed similar effects of waveform shape on single-unit spiking but who found that behavior depended linearly on input power, independent of waveform shape. They suggested that waveform invariance could emerge through local circuitry, e.g., averaging of activity across cells, but to the extent that high gamma is a good proxy for mean local activity, our results suggest this is not the case. This example also demonstrates how our interface facilitates the rapid mapping of a stimulus set to large-scale spatiotemporal responses. Example 2: Stimulating in S1 Evokes a Sequential Activity Pattern in S1 and M1
In a second example, we demonstrate the potential for studying interarea circuit dynamics. For this example, we stimulated focally in S1, while again recording from an array spanning S1 and M1. We analyzed the stimulus-evoked response by the spatial and temporal patterns of its high-gamma-band power (60-200 Hz). Stimulation in S1 drives a multiphasic, high-gamma response at the site of stimulation ( Figure 8A , red curve), as well as at distal locations in both S1 (green curve) and M1 (black curve). The timing of the S1 and M1 responses is quite different. The response at the S1 site follows largely the same temporal profile as at the stimulation site, with no appreciable delay and only a slight decrement in magnitude. This suggests that the S1 response is not due to transsynaptic spread from the stimulation site but rather to direct illumination (see Figure S6D) .
In contrast, the response at the M1 site is delayed by 5.0 ± 0.7 ms (mean ± SE), with the peak response lagging by 1.8 ± 0.5 ms, suggesting that this is a secondary response resulting from functional connectivity between S1 and M1. This conclusion is supported by the spatial and temporal spread of the stimulation-induced response, shown in Figure 8B as a series of pseudocolor activation maps representing 3 ms time bins poststimulation. These plots show a spread of activity in S1 about 6 ms following stimulation onset, with the M1 increase lagging behind.
DISCUSSION
We have combined CED, artificial dura, and mECoG array technologies to build a large, stable interface for optogentic stimulation and recording in NHPs. We used an efficient CED technique for infusion of optogenetic viral vectors that yields large-scale expression within M1 and S1. In order to interface with this large cortical region, we used a combination of artificial dura and mECoG arrays, which allow for high-channel count recordings while maintaining optical access. Although the artificial dura for optogenetics (Ruiz et al., 2013) and ECoG (Rouse and Moran, 2009; Moran, 2010) have been used independently in NHPs, their combined use, together with CED infusions, provides the unique capability of optical stimulation with simultaneous recording from large regions of cortex spanning multiple brain areas. Furthermore, we maintained the capability for over 2 years in one animal, albeit with some cortical thinning over time.
Mechanism and Effectiveness of CED
The use of CED to infuse both drugs and viral vectors to the brain is well studied. Flow of infused agents through the interstitial space of the brain occurs both by diffusion and advection (bulk fluid flow) (Rosenberg et al., 1980; Fenstermacher and Kaye, 1988; Ohata and Marmarou, 1992; Bobo et al., 1994; Lieberman et al., 1995) . While diffusion results from a concentration gradient and its rate decreases with molecular weight (Bobo et al., 1994; Lieberman et al., 1995) , advection results from a pressure gradient; its flux is largely independent of molecular weight, and solutions are distributed in relatively homogeneous concentrations (Rosenberg et al., 1980; Fenstermacher and Kaye, 1988; Bobo et al., 1994; Lieberman et al., 1995) .
The Bankiewicz and Oldfield labs have demonstrated CED infusion of large molecules (such as viral vectors) into a variety of CNS structures, including thalamus (Kells et al., 2009 ), putamen (Sanftner et al., 2005) , striatum (Szerlip et al., 2007) , brainstem (Lonser et al., 2002; Krauze et al., 2005) , corona radiata (Krauze et al., 2005) , and spinal cord (Lonser et al., 1998a) . These injections drive bulk flow through the interstitial space (Bobo et al., 1994; Lieberman et al., 1995) , resulting in large and homogeneous distributions of vector (Bobo et al., 1994; Lieberman et al., 1995; Lonser et al., 1998a Lonser et al., , 2002 Krauze et al., 2005; Sanftner et al., 2005; Szerlip et al., 2007) .
The linear relationship we observed over time between Vi and vector Vd in the tissue ( Figure 2B ) suggests a constant rate of convection from the infusion sites, with a slope of about 3 units of Vd for each unit of Vi. Previous CED studies have found the same linear dependence with slopes typically in the range of 1-4 (Lonser et al., 1998a , Krauze et al., 2005 Szerlip et al., 2007) . Not all of the Vd was in the gray matter (see Figure S2) ; however, the constant ratio of Vd to Vi during CED suggests that the convection rates were similar in the gray matter and white matter. In addition, the histological analysis of viral expression (Figures 5C and S5B) shows no evidence that CED favors flow along the myelinated fiber tracts.
Safety of the CED Infusions
The safety of CED has previously been demonstrated both by histological analyses showing no tissue damage following CED infusions, beyond the cannula wound, and by the lack of postinfusion neurological deficits (Bobo et al., 1994; Lieberman et al., 1995; Lonser et al., 1998a Lonser et al., , 2002 Krauze et al., 2005; Sanftner et al., 2005; Szerlip et al., 2007) . These findings are consistent with reports that cerebral edema does not intrinsically cause irreversible neurological dysfunction (Rapoport and Thompson, 1973; Hossmann et al., 1980) . Furthermore, Bankiewicz and colleagues have shown that higher infusion rates (>10 ml/min) are likely to induce local tissue damage in the CNS (Krauze et al., 2005) ; these authors suggested that safe delivery rates should not exceed 5 ml/min (the limit in our study). Based on animal studies such as these, several clinical trials have been initiated to study the safety and efficacy of CED for clinical use (Gill et al., 2003; Kunwar, 2003; Patel et al., 2005) , including one using an AAV vector (Eberling et al., 2008) .
Previous studies have observed gliosis around the cannula track following CED infusions (Bobo et al., 1994; Lieberman et al., 1995; Krauze et al., 2005; Szerlip et al., 2007) . Two of these (Bankiewicz et al., 2000; Lonser et al., 2002) quantified the damage present at up to 9 weeks following penetration of 350-410 mm diameter cannulae, comparable to our inner cannula. Gliosis was observed, extending 50-100 mm from the center of the cannula track. Similarly, we find gliosis around the cannula track 27 months postinfusion ( Figure S5C ), as well as a decrease in EYFP-reporter expression ( Figure S5B ) that indicates an initial lesion comparable in size to the cannula itself. A lack of expression at the injection sites has been seen in previous studies using traditional diffusion-based injections as well (Jazayeri et al., 2012) . We conclude that the extent of tissue damage could be reduced by using a smaller-diameter cannula.
In contrast, there is considerable evidence that the cortical tissue beyond the cannula site has not been substantially damaged from the CED procedure: (1) the MR images document an even flow of viral vector through the tissue, and the MR-estimated Vd matches the surface regions that exhibit both epifluorescence and light-evoked activity, both of which rely on intact cells; (2) no tissue damage was observed on the postinfusion MR scans or visually on the surface of the brain; (3) no histological evidence of tissue damage was seen outside the cannula track in regions of high viral expression; (4) while cortical thinning was observed, it was even across the cylinder and is due to the use of the cylinder and artificial dura (Chen et al., 2002) ; (5) the electrophysiological properties of the tissue closest to the infusion sites are the same as those in surrounding regions ( Figure S7 ); and (6) there has been no evidence of neurological deficits in these animals.
Comparison of CED and Conventional Infusions
Conventional diffusion-based injections of 1-2 mL yield typical regions of expression of about 2-3 mm diameter; Diester and colleagues (Diester et al., 2011) saw 2 mm diameter, and Ruiz et al. (2013) and Lerchner et al. (2014) report no more than 3 mm diameter. Jazayeri et al. (2012) report a diameter of 4 mm from injection site; however, they also report a decrement in expression levels by 1 mm from the injection. In contrast, our epifluorescence imaging and histological analysis show vector spread of up to 10 mm diameter from the injection site. In principle, CED should also deliver more homogeneous vector densities across this region (Bobo et al., 1994; Lieberman et al., 1995; Lonser et al., 1998b; Szerlip et al., 2007; Fiandaca et al., 2008; Kells et al., 2009 ) compared to diffusion-based injections. This difference is reflected in observed patterns of expression; traditional injections yield regions of dense expression surrounded by weaker expression (Jazayeri et al., 2012; Lerchner et al., 2014) , whereas we observe large regions with high levels of expression ( Figures 5C and S5B) .
The CED technique offers other advantages over traditional microinfusions. We obtained as much as 2 cm 2 of coverage with only three injections. Assuming an expression diameter of 3 mm following conventional injections, it would take about 30 injections to achieve the same volume coverage. The reduced number of injections and faster infusion rates make it practical to perform CED infusions in the MRI, yielding more precise targeting and online monitoring.
Evidence of Large-Scale Expression
We have documented optogenetic expression with both in vivo epifluorescence imaging and with postmortem histology. Surface epifluorescence imaging through an artificial dura has previously been validated (Ruiz et al., 2013) . That study showed that the regions of epifluorescence agreed with both the viral injection sites and the histologically identified regions of fluorescent reporter expression. We also observed good agreement between surface epifluorescence imaging and histology (Figures 4B and 5) , further validating the in vivo technique.
Additional evidence for large-scale expression comes from the reliable physiological responses to optical stimulation we observed in both M1 and S1 (Figures 5, 6, and 7) . This evoked activity cannot be due to simple photoelectric artifact; since the activity extends tens of milliseconds beyond stimulus (Figure 7) , we see activity distal to the stimulation site, and we do not see activity when stimulation is performed outside the sites exhibiting epifluorescence ( Figure S8 ).
The Use of mECoG Arrays Our mECoG-based interface can be contrasted with optogenetic approaches that use penetrating electrodes (Gerits et al., 2012; Jazayeri et al., 2012; Ruiz et al., 2013) . mECoG arrays have the principal benefits of allowing the mapping of activity across large cortical areas and long-term stability (Schalk and Leuthardt, 2011; Buzsá ki et al., 2012) . In particular, since ECoG electrodes do not penetrate the pia arachnoid, they minimize the risk of cortical damage and allow for repeated recordings from the same sites over long periods of time. The data presented here were acquired with acute daily placement of the arrays, with no evident tissue damage (Figure S4C) or signal decrement over as many as 25 months of use. It is also feasible to make a chronic version of the setup , where the arrays are left in place for several months, allowing for more precise long-term recording from the same sites.
For cases where long-term stability of the interface is not critical, our setup also allows for the combined use of mECoG with penetrating probes. The mECoG arrays have periodic perforations ( Figure 6A ) that can serve as access points for standard penetrating electrodes or optical fibers. These could be used, for example, to record single units from sharp electrodes or laminar probes, to vary the depth of optical stimulation by inserting an optical fiber into the cortex, or to obtain more focal optical stimulation. For such experiments, inclusion of the mECoG array offers the substantial benefit of large-scale spatiotemporal mapping with little overhead.
Potential Applications
Lastly, we showed two examples of how this interface can be used to study neural circuit dynamics. The first example demonstrates the relationship between features of stimulus pulse shape and the cortical spatiotemporal response. The second example compares the temporal dynamics of activity propagation between and across cortical areas. Our system allows measurements such as these to be readily performed on a daily basis during behavioral studies, for example, to perform causal experiments mapping circuit dynamics to cognition and behavior. The stability of the interface also makes it ideal for studying the dynamics of long-term learning.
The increasing use of optogenetics in NHPs suggests the possibility of clinical applications for the technology (Busskamp et al., 2010; Doroudchi et al., 2011; Han, 2012; Chow and Boyden, 2013) . We note that optogenetics can aid in the development of stimulation-based therapies, even if they are ultimately implemented with electrical stimulation. For example, our interface allows for the manipulation of neural activity while performing simultaneous large-scale, artifact-free electrophysiological recordings; this makes it an ideal test bed for developing closed-loop stimulation paradigms for the treatment of neurological disorders or for studying neural circuit changes during long-term, continuous-stimulation paradigms.
EXPERIMENTAL PROCEDURES
Two adult male rhesus monkeys were used in this study. All procedures were performed under the approval of the University of California, San Francisco Institutional Animal Care and Use Committee and were compliant with the Guide for the Care and Use of Laboratory Animals.
Surgical Procedures
Cylinder implantation, viral injections, and the initial placement of the artificial dura were all performed in a single surgical session under isoflurane anesthesia and using standard aseptic technique. The cylinder implantation site was selected to span M1 and S1, guided by presurgical MR images. A 25 mm diameter craniotomy was made, and the underlying dura was resected. An MR-compatible, 3D-printed chamber that contained a nylon, custom-made cannula grid ( Figures 1A-1C) was implanted over the craniotomy. For monkey G, the infusion holes spanned M1 and S1 ( Figure 1E ). For monkey J, the chamber was modified to allow rotation of the cannula grid, expanding the region of potential injection sites (see Figures S1D and  S1E) . After securing the injection chamber, the skin was closed around the chamber, and the animal was transported to the MR facility.
Viral-Infusion Technique
We used anatomical MR images (T1 and T2 weighted) to plan the location and depth of injection sites ( Figures 1C, 1E , and 1F) and to validate infusion in real time. Animals were placed in an MR-compatible stereotaxic frame, and the cannula grid holes were filled with sterile saline. MR images were obtained using a surface coil in a Siemens 3T MR scanner.
We acquired preliminary images of the brain and the injection cylinder in order to plan the injection sites. We used a reflux-resistant infusion cannula that consisted of two sections of silica tubing (0.32 mm inner diameter [ID] and 0.43 mm outer diameter [OD] for the inner tubing and 0.45 ID and 0.76 OD for the outer tubing) glued with cyanoacrylate such that the inner tube extended 1 mm beyond the outer tube, making the reflux-resistant step (Figure 1D shows the distal end of the cannula). The cannula was inserted approximately 2 mm below the pia. To monitor the infusion via real-time MRI, the viral vector was coinfused with Gadoteridol MR contrast agent (ratio of 250:1), and fast (2 min) flash T1-weighted images were acquired. We infused AAV5-CamKIIa-C1V1-EYFP viral vector (2.5 3 10 12 virus molecules/ml; UPenn vector core) at four sites in monkey G (two sites in S1 and two sites in M1; Figure 1E ) and five sites in monkey J (three sites in S1 and two sites in M1; Figure 1F ). We infused 50 ml at each site with the infusion rate starting at 1 ml/min rate and increasing to 5 ml/min by 1 ml/min steps ( Figure 1G ). The time course of infusion for each site was about 21 min. The efficacy of the viral construct has been documented in four previous NHP studies (Ozden et al., 2013; Ruiz et al., 2013; Dai et al., 2014; May et al., 2014) , and we tested our viral vector in cultured rat hippocampal neurons before use in NHPs.
Implantation of the Artificial Dura
After viral infusions, the animal was transported back to the surgery, and the MR-compatible cylinder was replaced with a titanium cylinder. To achieve good stability and a good seal between the cylinder and the bone, the cylinders were custom designed so that the base matched the coronal and sagittal skull curvatures (see Figure 3A) , and the cylinders were 3D printed from titanium (alloyed with 6% aluminum and 4% vanadium, by weight; i.materialize; Data S1, TitaniumCylinder.ipt). We next inserted the artificial dura into the cylinder. The custom-made artificial dura was molded ( Figure S4A ) from silicone (mixture of KE1300-T and CAT-1300 with the ratio of 10:1; Shin-Etsu Chemical) in the shape of a vertical cylinder (2 cm ID) attached to a 0.4 mm thick ''window'' at the bottom with a 0.2 mm thick flange extending beyond the cylinder ( Figure 3B ) (Ruiz et al., 2013) . The flange was inserted between the native dura and the cortex ( Figures  3C and 3E ), helping to prevent dural growth under the artificial dura window.
After implanting the artificial dura, the chamber was sealed with a stainless steel cap (Data S1, cap.pdf). Sterile Teflon tape was applied to the outer threads of the cap to create a better seal and to prevent seizing of the threads between the titanium cylinder and the steel cap.
Epifluorescence Imaging
We monitored expression levels of the fluorescent EYFP reporter via surface epifluorescence imaging through the artificial dura (Diester et al., 2011; Ruiz et al., 2013) . We scanned the exposed tissue with a blue laser (488 nm) while imaging the surface of the brain trough with a EYFP-emission filter with a video camera (JVC GZ-HM550BU camcorder). Image frames were averaged to estimate the expression areas.
Cylinder Maintenance
To avoid infection we developed a cleaning procedure that roughly followed the steps outlined in Ruiz et al. (2013) . We cleaned the cylinder at least three times per week. First, we cleaned the exterior of the cylinder with aseptic solutions such as Nolvasan. After opening the cylinder, we rinsed inside the artificial dura and the areas between cylinder walls and artificial dura with sterile saline. A few drops of clear antibiotic were then added to the cylinder before the caps were replaced.
Electrophysiological Recordings
Neural recordings were performed using 96 channel mECoGs arrays. The arrays were fabricated at the Marvell Nanofabrication Laboratory at the University of California, Berkeley using a custom, multilayer process (Ledochowitsch et al., 2011a (Ledochowitsch et al., , 2011b . Briefly, they consisted of platinum-gold-platinum traces encapsulated in Parylene-C, a biocompatible polymer. The array's integrated cable was long enough (2 cm) for the connectors to extend above the cylinder walls when the array was in place.
Combined stimulation and recording experiments were performed 3 months postinjection, while awake animals were head fixed in a primate chair. The artificial dura was removed, and one or two mECoG arrays were placed on the arachnoid. We used a 488 nm laser (PhoxX 488-60, Omicron-Laserage) for optical stimulation, which is well inside the effective range for C1V1. Light was delivered through an optical fiber (core/cladding diameter was 62.5/125 mm, Fiber Systems), positioned with our custom-made stimulation setup so that the tip of the fiber optic touched the array ( Figure S6 ). Power at the fiber tip was 20-22 mW, with a light spread of about 0.7 mm radius ( Figure S6D ). We used a Tucker-Davis Technologies system for mECoG recording and for controlling the laser stimulus. Detailed procedures for the electrophysiological recordings are listed in Table S2 .
Data Analysis
We estimated the spread of the viral-vector infusion by analyzing the T1-weighted MR images in Mango 3.4 (RRID: SCR_009603). We constructed a 3D volume of the brain, and injection volumes were defined by thresholding intensity in flash T1 images, which were taken sequentially during the injection.
Pseudocolor maps of ECoG power were generated for gamma (30-60 Hz) and high gamma (60-200 Hz) from the power of the signal during 1 s of stimulation in the respective frequency range for each electrode in the array. These maps were then linearly interpolated and averaged across trials. Trials with high-movement artifact were excluded from the dataset.
Histological Analysis
Sections from monkey G were processed for EYFP immunocytochemistry using a free-floating technique. Additional adjacent sections were stained with cresyl violet (Nissl) using standard techniques to reveal cortical cytoarchitecture. Imaging was done using Nikon 90i microscope equipped with a color CCD camera.
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